Abstract: Improving power conversion efficiency and device performance stability is the most critical challenge in polymer solar cells for fulfilling their applications in industry at large scale. Various methodologies have been developed for realizing this goal, among them interfacial layer engineering has shown great success, which can optimize the electrical contacts between active layers and electrodes and lead to enhanced charge transport and collection. Interfacial layers also show profound impacts on light absorption and optical distribution of solar irradiation in the active layer and film morphology of the subsequently deposited active layer due to the accompanied surface energy change. Interfacial layer engineering enables the use of high work function metal electrodes without sacrificing device performance, which in combination with the favored kinetic barriers against water and oxygen penetration leads to polymer solar cells with enhanced performance stability. This review provides an overview of the recent progress of different types of interfacial layer materials, including polymers, small molecules, graphene oxides, fullerene derivatives, and metal oxides. Device performance enhancement of the resulting solar cells will be elucidated and the function and operation mechanism of the interfacial layers will be discussed.
The excitons generated in the BHJ blend can reach the interfaces and then separate into free charge carriers, electrons and holes, when the nanoscale phase separation in BHJ film is achieved [29] .
The invention of BHJ solar cells greatly improves the PCEs of PSCs, which is mainly attributed to the more efficient exciton dissociations enabled by the maximized heterojunction interface and increased charge carrier collection attributed to the formation of interpenetrating network. The BHJ solar cells provide bicontinuous pathways for the charge carriers to migrate to their respective electrodes. However, the donor semiconductor and the acceptor semiconductor are randomly distributed in the active layer, and hence both the donor semiconductor and the acceptor semiconductor could be in intimate contact with the anode and cathode in the BHJ solar cells. The charge carriers are therefore likely to recombine at electrodes, which can detrimentally lower the PCEs of PSCs. In order to mitigate the charge carrier recombination at the electrodes, various interfacial layer (IFL) materials have been developed to selectively allow the desired charge carriers to pass through and in the meantime block the undesired carriers ( Figure 1) ; therefore, charge carrier recombination at electrodes can be substantially suppressed and the PCEs can be significantly improved for the cells with engineered IFLs [34] [35] [36] [37] . The interfacial layers can also greatly lower the contact resistance, which is detrimental to device performance. Choosing appropriate IFL materials with optimized layer thickness can substantially enhance the device performance of PSCs. In addition to the electrical effects, the IFLs also show significant impacts on light distribution and absorption [38] . It is evident that solar cell performance is strongly dependent on the intensity of the absorbed light. It has been shown that appropriate choice of IFLs can greatly increase the light absorption by reducing the parasitic reflection of light at interfaces. At the same time, in order to maximize the PCEs, the light absorption should be maximized within the active layer. Therefore, the light absorption by any other components including IFLs must be minimized. The materials that are transparent in the visible region seem to be highly desirable for maximizing PCEs. Figure 1 . Schematic illustration of a polymer solar cell in extraction mode. Excitons are generated and diffuse to the donor/acceptor (bulk heterojunction) interface where the excitons dissociate to free charge carriers. The charge carriers are then transported to the electrodes and are extracted by the interfacial layers to the respective electrodes. Reprinted with permission from [36] . Copyright 2010 Royal Society of Chemistry.
Moreover, the IFLs can also act as optical spacers by modifying the optical distribution of light intensity in the active layers. TiOx has been successfully employed as optical spacer to increase device performance of PSCs [38] . Plasmonic effect induced by the incorporation of metallic nanoparticles can greatly increase the light absorption by generating localized intensification of the electromagnetic field [39] . Therefore, IFLs with dispersed metal nanoparticles show positive effects on improving device performance of PSCs [40] .
Interfacial layer engineering is accompanied by the surface energy change of IFLs, which could lead to improved interactions between active layers and IFLs and have shown profound impacts on film morphology of active layers, and thereby the device performance of PSCs [23] . The active layer with favored vertical phase degradation demonstrates improved performance than the blends without such morphology due to the suppressed charge recombination [23, 41] . Furthermore, The IFLs play a critical role in terms of improving device performance stability, which is essential for the real-world applications [42] . IFL engineering can also significantly alter work function of electrodes enabled by the formation of a dipole moment, and high work function metals such as Ag and Au with better air stability then can be used as the electrodes [43] . Moreover, IFLs can effectively block the diffusion of unwanted species from electrodes, such as metal particles, during device fabrication and operation, which can prohibit the chemical and physical reactions between the active component and the electrode [44] . IFLs can absorb UV radiation from sun and provide a certain degree of protection against photo-oxidation for the active layer. Finally, hydrophobic and dense IFLs can hinder the penetration of water and oxygen and function as scavenger for these species, which increases the durability of PSCs.
Hence, IFL engineering has been one of the most active research fields in PSCs, various IFL materials with tunable properties have been developed and incorporated into PSCs in the last couple of years. Considering the significance of IFLs in improving the device performance, the advancement of PSCs is closely related to IFL engineering, and actually the most promising device performance with enhanced solar cell stability is obtained from the PSCs with engineered IFLs [25, 26, 45] . In this review, we mainly focus on recent progress of IFL engineering of PSCs in the last couple of years, but significant works from earlier literatures will also be reviewed. For more thorough earlier works, we would like to redirect the readers to the earlier reviews [35, 36, 46] . This work is mainly organized based on the materials types of the IFLs, including polymers, organic small molecules, fullerene derivatives, metal oxides, and emerging novel IFLs, such as graphene oxide and its derivatives.
Polymer-Based Interfacial Layers

Poly(3,4-ethylenedioxythiophene)s and Polyaniline Derivatives
Poly(3,4-ethylenedioxythiophene) (PEDOT, Figure 2 ) was developed in the late 1980s in the research laboratories of Bayer AG (Leverkusen, Germany), and it was the first IFL material used in PSCs in 1998 [47] by following its successful applications in the field of organic light-emitting diodes (OLEDs) [48] , or in a more conscious way in 2002 [49] . It remains its popularity in manifold ways till now. PEDOT can smooth the underlying layers, transport holes, and block electrons by forming ohmic contact with donor semiconductors in the blend, which is attributed to its high work function of 5.0-5.1 eV. Due to the low solubility and limited processability of PEDOT in organic solvents, poly(styrenesulfonic acid) (PSS, Figure 2 ) is commonly used with PEDOT to form a PEDOT:PSS dispersion. The PEDOT:PSS film can be deposited from its aqueous solution, and shows its robustness in resisting organic solvents in the subsequent active layer deposition. The PEDOT:PSS has been the most widely used IFL material for PSCs, which is attributed to its appropriate work function, high conductivity, excellent stability, good transparency in the visible range, easy processability, and insolubility in common organic solvents.
Figure 2.
Chemical structure of poly(3,4-ethylenedioxythiophene) (PEDOT), poly (styrenesulfonic acid) (PSS), GMS (glycerol monostearate), poly(4-styrenesulfonate)-g-polyaniline (PSS-g-PANI), and PFI (perfluorinated ionomer) for interfacial layer materials in polymer solar cells.
Frohne and coworkers systematically modified the work function of PEDOT:PSS films electrochemically [50, 51] . The treatment of electrically polymerized PEDOT film in the presence of sodium-neutralized PSS resulted in PEDOT:PSS films with work function variations up to 1.3 eV, depending on the doping level. The PEDOT:PSS film was then incorporated into poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV)/[6,6]-phenyl-fullerene-butyric acid methyl ester (PCBM) solar cells as the hole-transporting layer, and the compensation voltage, V0 (V0 is the potential at which the photocurrent equals the dark current, which is proportional to the Voc) tracks the work function of PEDOT:PSS. However, as the work function of PEDOT:PSS is beyond 0.3 V versus Ag/AgCl, the Vo plateaus [51] . Later, Li and coworkers found that the photovoltaic performance of poly(3-hexylthiophene) (P3HT):PCBM solar cells can be improved by incorporating a PEDOT:PSS IFL between the indium tin oxide (ITO) and the active layer [52] . Kim et al., carried out the studies of the effect of the thickness and the thermal annealing of PEDOT:PSS ( Figure 2 , Baytron P standard grade, HC Starck, Leverkusen, Germany) anode IFL on the device performance of P3HT: [6, 6] -phenyl-C61-butyric acid methyl ester (PC61BM) bulk heterojunction PSCs [53] . It was found that the solar cell performance is greatly improved by inserting a PEDOT:PSS layer, but the PCE is not highly sensitive to the IFL thickness. Without using PEDOT:PSS, the PSCs show a sigmoidal J-V shape (Figure 3) , which is attributed to the barrier between ITO and active layer. After incorporation of the PEDOT:PSS layer, the PSCs achieve substantially increased short-circuit current densities (Jsc) and fill factors (FFs), which is attributed to the enhanced efficiency of hole transfer between donor polymer P3HT and contact for hole transfer. The insertion of PEDOT:PSS also leads to enlarged open-circuit voltage (Voc). As a result, the PSCs with PEDOT:PSS IFL showed an improved PCE by a factor of 1.8 versus the cells without such layer. As PEDOT:PSS thickness increased, the Jsc decreased, but the overall efficiency was not highly sensitive to the IFL layer thickness over a wide range of 60-165 nm. The effect of thermal annealing of PEDOT:PSS IFL (~70 nm) was carried out, and it was found that thermal annealing at high temperature (200-230 °C) led to slightly increased Jsc but decreased FF, which was attributed to the variation in conductivity and surface roughness of PEDOT:PSS layers with annealing temperature. The Voc showed small changes during thermal annealing, which was attributed to the good ohmic contact between PEDOT:PSS IFL with P3HT. The PEDOT:PSS IFL has showed great success in improving the device performance of PSCs in the last decade, but it has several implications due to its high acidity (pH: ~1-3) and its hydrophilic character. The acidic character can lead to ITO deterioration and the hydrophilic nature can result in uptake of humidity from ambient, which causes the performance degradation when the cells are stored in air. In order to address these drawbacks, two types of approaches have been carried out: those involving physical treatment and those involving chemical additives.
The etching of ITO by acidic PEDOT:PSS and the following diffusion of indium into active layer lead to a fast deterioration of PSC performance [54, 55] . Kim and coworkers studied influence of PEDOT:PSS IFL with controlled acidity on the device performance and lifetime of P3HT:PC61BM PSCs [55] . The addition of small amount of NaOH (0.2 molar ratio) can remove 23% of sulfonic acid group, but showed no degradation on PSC performance. Device stability test revealed that NaOH modified PSCs showed improved device lifetime versus the cells using the acidic PEDOT:PSS IFL. Wang et al., reported the replacement of acidic PEDOT:PSS (AI 4083, pH = 1-3; H.C. Starck GmbH, Goslar, Germany) with pH-neutral PEDOT:PSS (Jet N; H.C. Starck GmbH) as the anode IFL for PSCs [56] . The incorporation of pH-neutral PEDOT:PSS and the treatment of the neutral PEDOT:PSS with UV-ozone and oxygen plasma led to the ITO/PEDOT:PSS/poly[N-9'-heptadecanyl-2,7-carbazolealt-5,5-(4,7-di-2-thienyl-2',1',3'-benzothiadiazole] (PCDTBT): [6, 6] -phenyl-C71-butyric acid methyl ester (PC71M)/Al solar cells with an enhanced PCE of 6.60%. The cells using acidic PEDOT:PSS showed a PCE of 6.28%. Scanning Kelvin probe measurement revealed that the UV-ozone treatment increases PEDOT:PSS work function from 4.75 to 4.90 V. After oxygen plasma treatment, the work function increases to 5.03 V, and the work function finally reaches 5.08 V after both UV-ozone and oxygen plasma treatment. Hence, the performance improvement is attributed to the reduction of energy offset between the hole transport IFL and the active layer after UV-ozone and oxygen plasma treatment, which increases Voc, improves charge carrier transport, and prevents charge carrier recombination. The incorporation of neutral PEDOT:PSS also affords PSCs with greatly improved device stability (Figure 4 ). The PCEs of the cells containing acidic PEDOT:PSS decrease by 45% after 50 days' storage under ambient conditions, while the PCEs of the cells incorporating pH-neutral PEDOT:PSS decrease only by 20% after the same period under the same condition. The increased stability of the cells using pH-neutral PEDOT:PSS IFL is attributed to the reduced etching of indium from ITO and the hindered diffusion of indium into active layer [56] . By spin-coating a surfactant layer, glycerol monostearate (GMS, Figure 2 ), onto the top of PEDOT:PSS (Clevios P and Clevios PH 1000; Heraeus Ltd., Hanau, Germany) film, Yang et al., developed ITO-free PSCs containing a PEDOT:PSS/surfactant bilayer film as the transparent anode, therefore, the bilayer film functions not only as anode IFL, but also as electrode [57] . After GMS modification, the PEDOT:PSS conductivity was significantly improved from ~1 S/cm to more than 1000 S/cm with a sheet resistance of 98 Ω/sq. The conductivity improvement is attributed to the GMS-induced segregation of PSS chains and the conformational change of the conductive PEDOT chains within PEDOT:PSS blend. The film shows a transparency of ~80% in visible range, which is comparable to that of widely used ITO. The conventional PSCs having the structure of PEDOT:PSS/GMS/polymer:PC71BM/poly[(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene) (PFN)/Al exhibit PCEs of 5.90% and 7.06% for PCDTBT and poly({4,8-bis[(2-ethylhexyl)oxy]benzo [1,2- [3,4-b] thiophenediyl}) (PTB7) cells, respectively. The 7.06% PCE is comparable to that of the traditional ITO-containing solar cells and was the highest one for ITO-free BHJ PSCs at that time. Chu and coworkers reported highly conductive PEDOT:PSS film by treating with formic acid for ITO-free PSCs [58] . The formic acid treatment can lead to four orders of magnitude increased conductivity. The highest conductivity of 2050 S/cm was obtained using 26 M formic acid. The conductivity increase is attributed to the phase separation between PEDOT and PSS, increased carrier concentration, removal of PSS, and morphology and conformation change with elongated and better connected PEDOT chain. The P3HT:PCBM solar cells using standalone PEDOT:PSS anodes treated with formic acid show a PCE of 4.10%, which is comparable to that (4.11%) of the solar cells containing the traditional ITO.
In addition to PEDOT:PSS, other conducting polymers have also been developed as hole extraction/electron blocking layers (or anode interfacial layers) for PSCs. Lee et al., developed water soluble self-doped conducting polyaniline graft copolymer composites based on poly(4-styrenesulfonate)-g-polyaniline (PSS-g-PANI, Figure 2 ) having tunable work functions (WFs) for PSCs [59] . The value of WF was affected by the compositions of solutions, and a very high WF value (up to 6.09 eV) was obtained by simple spin-coating of blends with perfluorinated ionomer (PFI, Figure 2 ) even though very little PFI was added to the compositions, which was much higher than that (WF = 5.1 eV) of conventional PEDOT:PSS. XPS (X-ray photoelectron spectroscopy) characterization indicates that the PFI self-organizes at the film surface, and the high PFI concentration at surface causes a substantial WF increase due to the higher ionization potential induced by the perfluorinated chains than the common hydrocarbon chains [60] . PSCs having the structure of ITO/PSS-g-PANI:PFI/P3HT: PCBM/BaF2/Al were fabricated and showed a PCE of 3.4%, which was slightly higher than that (3.2%) of ITO/PEDOT:PSS/P3HT:PCBM/BaF2/Al cells and that (3.3%) of ITO/PSS-g-PANI/P3HT: PCBM/BaF2/Al cells. The enhanced performance is attributed to P3HT enrichment on anode IFLs enabled by its low surface energy due to the PFI-enriched IFL surface and good ohmic contact between the donor semiconductor P3HT and the IFL in PSS-g-PANI:PFI cells. The results indicate that the water-soluble PSS-g-PANI composites with self-organized surface layer should be good candidates for reliable anode IFLs in PSCs.
Water/Alcohol Soluble Conjugated Polymers
Water/alcohol soluble conjugated polymers (WSCPs) are another class of polymer-based IFLs and have shown great success in facilitating charge injection in polymer light emitting diodes (PLEDs) [61] . WSCPs have been widely employed to realize high-efficiency, air-stable PLEDs. The success of WSCPs in PLEDs indicates their potential as IFL materials for PSCs [62] . In general, WSCPs are structurally composed of two key components: π-conjugated backbone and surfactant-like solubilizing side chain, such as amino, phosphate, carboxyl, and quaternary ammonium, sulfonic and zwitterionic group. Their unique properties offer WSCPs a series of advantages: (a) the excellent solubility in highly polar solvents enables multilayer film deposition via simple solution-based processing without damaging the underlying layer using orthogonal solvents; (b) the highly polar side groups have been found to show great modifications to interfacial layer functions, hence improving device performance of PSCs; (c) the optical properties and charge transport characteristics can be manipulated via structural modifications of polymer structures. The unique properties of WSCPs have enabled the resulting PSCs to achieve state-of-the-art performance in organic solar cells [26, 63] .
Cao et al., firstly demonstrated performance enhancement of PSCs by incorporating a water/alcohol soluble conjugated polymers as IFLs [64] . It was found that Voc of poly [2,7- Figure 5 ) between active layer and cathode metal electrode [64] . The PSCs using polymer IFLs show a Voc of 0.95 ± 0.05 V, while the cells using routine LiF/Al and Ba/Al electrodes only demonstrate a moderate Voc 0.65 ± 0.05 V. The Voc enhancement can be attributed to the superposition of the built-in field with the dipole of polymer IFLs. The substantial Voc increase in combination with the simplicity renders the incorporation of WSCP as an effective strategy for enhancing solar cell performance. Similarly, Xie [65] and Kim [66] reported the applications of other fluorene-based conjugated poly(9,9-bis(6'-diethoxylphosphorylhexyl)fluorene) (PF-EP, Figure 5 ) and a polyfluorene derivative which has hybrid quaternary ammonium end-capped alkyl/alkoxyl side chains poly[(9,9-bis((6ʹ-(N,N,N-trimethylammonium)hexyl)-2,7-fluorene)-alt-(9,9-bis(2-(2-ethoxyethoxy)ethyl)-9-fluorene)) dibromide (WPF-oxy-F, Figure 5 ) for PSCs, respectively. Xie [65] found that the incorporation of 5 nm PF-EP can lead to improved Voc and fill factor, and hence result in an increased PCE of 3.38% versus that (1.98%) of control cell. The performance enhancement was attributed to more effective prevention of hot metal atom penetration into active layer, which could result in significant electrical leakage and quenching site for excitons. Kim [66] found that the incorporation of a thin layer of WPF-oxy-F leads to a PCE of 3.77% for the P3HT:PCBM PSC, which is significantly higher than that of the control cells. The performance enhancement was attributed to the reduction of work function of Al cathode, which results in improved Voc and FF. Cao et al., further applied five distinct WSCPs as cathode interlayers for PSCs. The WSCPs include poly[(9,9-bis(3'-(N,Ndimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN, Figure 5 ) and its cationic conjugated polymer electrolytes (PF-X, Figure 5 ). The resulting WSCP-based PSCs containing polyfluorene copolymer PFO-DBT35 as the donor polymer showed increased open-circuit voltages (Vocs), while for the solar cells containing P3HT and poly[2-methoxy-5-(2'-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV) as the donor polymers, no significant Voc enhancement was observed [67] . Furthermore, it was found that the Voc increase for the PFO-DBT35 based PSCs was not sensitive to the IFL materials. The origin of the Voc enhancement was investigated by examining the dark currents. It was found that the dark currents were significantly suppressed when the WSCPs were used as IFLs in the PFO-DBT35 cells, which implies an increased Voc according to the Shockley equation. Bazan and coworkers demonstrated that insertion of an ultra-thin conjugated polyelectrolyte cathode IFL can be an effective strategy for increasing PCEs of PSCs [68] . The high-performance carbazole-based polymer PCDTBT was chosen as the electron donor semiconductor and two cationic poly(thiophene) derivatives, homopolymer poly[3-(6-trimethylammoniumhexyl)thiophene] (P3TMAHT) and copolymer poly(9,9-bis(2-ethylhexyl)-fluorene]-b-poly[3-(6-trimethylammonium-hexyl)thiophene] (PF2/6-b-P3TMAHT) were chosen as the cathode IFLs ( Figure 6 ). It is interesting to note that these polythiophene derivatives function as electron transporting layer rather than hole transporting layer in PSCs, which is dramatically different from typical neutral polythiophenes with isoelectronic backbones. Therefore, the ionic side chains can significantly alter polymer backbone charge transport property. The IFLs were deposited by simply spin-coating their methanol solutions having a concentration of 0.01% (w/v) (P3TMAHT) and 0.2% (w/v) PF2/6-b-P3TMAHT onto the active layer. The low concentrations were used for minimizing IFL thickness and preventing possible complications due to ion motion and concomitant redistribution of internal electric fields in the device [69] . The incorporation of these novel polyelectrolyte based cathode IFLs resulted in greatly improved PCEs of 6.1% for the P3TMAHT cells and 6.2% for the PF2/6-b-P3TMAHT cells versus the PCE of 5.0% for the control devices without the polymer IFL. The J-V characteristics of the device under dark condition showed that the dark current densities with the conjugate polyelectrolyte PSCs were significantly suppressed, which was consistent with the reduced leakage current and increased shunt resistance (Rsh). For V > 0.8 V, the series resistance (Rs) of control cells was greater than that of cells containing polyelectrolyte IFLs. Therefore, the performance improvement was attributed to the high Rsh and small Rs in the polyelectrolyte-based solar cells. However, the effect of methanol treatment on the active layer should not be excluded [68, 70] , and the deposition and removal of methanol on the PCDTBT:PC71BM blend also led to a slight PCE increase from 5.0% to 5.3%. The performance of the solar cells using these polyelectrolyte cathode IFLs is comparable to that of solar cells using TiOx IFLs [38] , however, the deposition of polyelectrolytes is much simpler without using thermal annealing, which should benefit device fabrications. Wu and coworkers reported a simultaneous enhancement in Voc, Jsc, and FF in PSCs containing a high-performance polymer PTB7 or PCDTBT as the electron donor and the fullerene derivative PC71BM as the electron acceptor. The PSCs incorporate an alcohol/water-soluble conjugated polymer, poly[ (9,9- Figure 5 ) as a novel cathode IFL [63] . The simultaneous enhancement in Voc, Jsc, and FF leads to a PCE of 6.79% and 8.37% for PCDTBT and PTB7 solar cells having a structure of ITO/PEDOT:PSS/polymer: PC71BM/PFN/Al, respectively. For the PCDTBT cells containing 5 nm PFN, the Voc is 0.91 ± 0.02 V, which is substantially higher than that (0.71 ± 0.02 V) of the control cells without PFN cathode IFL. The effects of PFN on device performance improvement are decoded to be threefold: (a) the dipole of the interfacial layer, which leads to an enhanced built-in potential across the device; (b) the improved charge transport properties; and (c) the elimination of the buildup of the space charge and hence the reduced recombination loss due to the increase in the build-in field and charge carrier mobility. By using an inverted structure, the same group demonstrated a certified PCE of 9.2% for the cells with a device structure of ITO/PFN/PTB7:PC71BM/MoO3/Al ( Figure 7 ) [26] . The polyelectrolyte PFN was used as cathode IFL, which is different from many other inverted PSCs reported in the literature, where n-type metal oxides are typically used. The deposition of thin PFN layer can greatly reduce the work function of ITO from 4.7 to 4.1 eV (Figure 7) as revealed by the X-ray photoelectron spectroscopy (XPS) measurement. As a result, the PFN modified ITO electrode can form ohmic contact with PC71BM in the active layer to facilitate charge carrier collections. The inverted PSCs also enable stronger photon harvest from the solar irradiation verified by reflectance spectra measurements on real devices. The inverted PSC show decreased reflectance over a wide range of spectra (400-800 nm) versus that of the conventional PSCs, which leads to a remarkable improved Jsc of ~17.5 mA cm Kippelen and coworkers reported the use of an ultrathin (1-10 nm) layer of insulating polymers containing simple aliphatic amine groups (Figure 8 ) as anode IFL as a "universal" approach to reducing the work function of various conductors [43] . The polymers, polyethylenimine ethoxylated (PEIE) and branched polyethylenimine (PEI), can be readily processed in air using environmentally friendly solvents such as water and methoxyethanol, and can be easily physisorbed onto the electrode surface. Due to their wide band gaps (~6 eV), PEIE and PEI should function as surface modifier rather than charge injection/collection layer. Charge carriers are injected via tunneling or thermionic injection processes. The work function of electrodes can be reduced over a wide range. Ultraviolet photoemission spectroscopy (UPS) measurements show substantial work function (WF) reduction after deposition of an ultrathin PEIE layer (Figure 8 ), the WF is reduced from 4.95 to 3.32 eV for PEDOT:PSS, from 4.40 to 3.30 eV for ITO, and from 4.70 to 3.40 eV for Au. The substantial WF reduction is induced by the intrinsic dipole moment of the neutral amine group and the charge transfer character between interfacial layer and electrode surface. PSCs with a structure of ITO/PEIE/P3HT:1′,1′′,4′,4′′-tetrahydrodi [1, 4] [72] . The PEIE-based PSCs using another active layer of poly [(4,8- 
PC60BM exhibit a PCE of 6.6%, which is larger than that (6%) of the cells having the structure of ITO/PEDOT:PSS/PBDTTT-C:PC60BM/Ca/Al. When using PEIE modified Ag as the cathode and MoO3 modified Ag as the anode, the PSCs have the same metal as both anode and the cathode, the resulting PSCs having the structure of ITO/Ag/PEIE/P3HT:ICBM/MoO3/Ag show a PCE of 2.6%. The performance is mainly limited by the low transmittance of Ag electrode. Recently, Kim and coworkers reported electron-rich PEI as cathode modifier layer, which was in combination with electron-collecting ZnO to form a bilayer cathode IFL for PSCs [73] . The PEI thickness need be minimized to 2 nm due to its insulating character. The conduction band of ZnO is lowered enabled by the dipole moment formation between ZnO film and PEI monolayer, which results in enhanced PCEs. Moreover, the PEI monolayer can improve the surface roughness of ZnO, which decreases device series resistance. The corresponding PSCs having the device structure of ITO/ZnO/PEI/PTB7:PC71BM/MoO3/Ag show a PCE up to 8.9%, which is comparable to the best PCE reported using conjugated polymer electrolyte IFLs [26, 67] . While the cells containing only ZnO or PEI cathode IFL show decreased PCEs of 6.99% and 7.49%, respectively. The performance enhancement is mainly enabled by the increased Jsc and FF in ZnO/PEI cells, which is attributed to the fast electron transport. The PEI deposition leads to improved physical contact between the ZnO/PEI layer and the BHJ film due to the smoother surface (1.89 nm) of the PEI-coated ZnO layer compared to that (2.23 nm) of ZnO layer without the PEI monolayer. Moreover, PEI shows good compatibility with other metal oxides to form bilayer hybrid cathode IFLs. Recently, Li et al., reported TiOx/PEI film as the electron transporting layer for high-performance PSCs, the resulting PTB7:PC71BM inverted cells achieve an average PCE of 8.72% with a champion value of 9.08%, which is much greater than that (7.38%) from the control cells using TiOx IFL [74] .
Small Molecules
In addition to polymers, organic small molecules are also highly promising IFL materials for performance enhancement and stability improvement in PSCs. In comparison to polymer IFLs, small molecule-based ones could achieve some attractions, such as easy purification, monodispersity, and well-defined structure, and better batch-to-batch reproducibility, which should benefit PSC applications. Hence, various small molecule IFL materials are designed, synthesized, and implemented in PSCs with excellent performance.
Inspired by the success for reducing electron injection barrier in organic light emitting diodes (OLEDs), commercial available pigment quinacridone derivatives sodium N,N′-bis(6-sulfonylhexyl)quinacridone (Na + QHSO3 − , Figure 9 ) was employed as cathode IFL in PSCs, which led to an improved FF and hence an improved PCE [75] . Na + QHSO3 shows good solubility in polar solvent and can be deposited from its methanol solution. The PSC with the structure of ITO/PEDOT:PSS/PCDTBT (or poly [2,6- 
/Al exhibits increases in FFs ranging from 5% to 10% and the overall PCE is improved up by 19% versus the control devices without the quinacridone electron transporting layer (ETL). The improvement of solar cell performance can be ascribed to the increased Rsh (five-fold) and electron mobility (two-fold). It is worth noting that on one hand, the high-lying lowest unoccupied molecular orbital (LUMO) of Na (PBDTTPD) was used as the donor polymer, the resulting PSCs with the structure of ITO/TPDB/PBDTTPD:PC61BM/LiF/Al showed a PCE as high as 6.51%, which was increased by ~15% versus the control devices. When using P3HT as the donor polymer, the highest PCE (3.03%) was achieved for the cells using TPDB IFL, which was slightly higher than that (2.94%) of the control device adopting PEDOT:PSS IFL [76] . In addition to the high PCE, the relatively high stability of TPDR-based PSCs also merit attention. Although the devices with TPDR and PEDOT:PSS IFLs show similar stability under inert condition, TPDR-based solar cells demonstrate a much slower degradation probably due to their decreased acidic and hygroscopic properties compared to PEDOT:PSS. Other triphenylamine-based alcohol-soluble small molecules featuring polar phosphonate side chains were synthesized for high-performance PSCs. Cao and coworkers reported the synthesis and application of a new series of star-like shape neutral small molecules (TPA-FEP), consisting of electron rich triphenylamine (TPA) and fluorene featuring phosphonate side chains (FEP). The series of anode IFL materials include 3TPA-FEP, 2TPA-2FEP, and TPA-3FEP as shown in Figure 9 . When incorporated into PSCs with the structure of ITO/PEDOT:PSS/PCDTBT:PC71BM/cathode IFL/Al, PCEs of 7.21%, 6.90%, and 6.89% were obtained for 3TPA-FEP, 2TPA-2FEP, and TPA-3FEP cells , respectively. The 7.21% PCE is among the highest for the PCDTBT PSCs. While for control device without interlayer, PCEs of 4.06% and 5.74% were obtained for the PCDTBT cells without and with methanol treatment, respectively [77] . The substantial performance enhancement for the cells using these triphenylamine IFLs can be ascribed to two factors: (1) The triphenylamine IFLs minimize the contact resistance at the active layer/cathode interface, and lead to a better ohmic contact; (2) these IFL molecules create a permanent dipole between active layer and cathode, which decreases the work function of cathode and leads to larger [3, 26] . In comparison to the FBF-N cells, The FTBTF-N cells show enhanced device performance due to higher Jsc and greater FF, which is attributed to the better phase separation and bicontinuous interpenetrating network of the active layer on FTBTF-N film than on FBF-N film induced by more hydrophobic character of FTBTF-N.
A novel IFL material (Phen-NaDPO, Figure 9 ) by combining triarylphosphine oxide with 1,10-phenanthrolinyl unit was readily synthesized via Suzuki coupling and used as cathode IFL in PSCs. Phen-NaDPO dramatically decreases Ag work function from 4.62 to 2.64 eV and simultaneously improves the Voc and FF in PSCs. With the device structure of ITO/PEDOT:PSS/ PTB7:PC71BM/ETL/cathode, the Phen-NaDPO/Ag cells show a high PCE of 7.51%, which is comparable to that (7.31%) of the device using Ca/Al cathode and outperforms that (2.19%) of the cell with Ag cathode by a big margin. When Phen-NaDPO is combined with Al cathode, the PCE of the resulting PSCs surge to 8.56% with a Jsc = 16.81 mA/cm 2 , a Voc = 0.75 V, and a FF = 0.68. The higher FF of devices incorporating the Phen-NaDPO cathode IFL can be attributed to the suppressed Rs and the increased Rsh, while the higher Voc is due to the better ohmic contact between the active layer and the cathode. The work function decreasing ability of Phen-NaDPO is further investigated on both ITO and inert graphite substrate. The result shows that the work function of substrates can be reduced to 3.02 and 3.10 eV for graphite and ITO, respectively, which suggests the Phen-NaDPO potential of being a universal material to reduce work function for different substrates [79] .
Recently, Wang and coworkers designed and synthesized two perylene diimide (PDI) derivative cathode IFL materials PDIN and PDINO (Figure 9 ), which contain amino or amino N-oxide (PDINO) terminal substituents on the imide, respectively [80] . PDIN and PDINO show high conductivities of 0.8 × 10 
Fullerenes and Derivatives
Fullerenes and their derivatives have been widely used as electron transporting (n-type) semiconductors in bulk heterojunction films for PSCs due to their appropriate-lying frontier molecular orbitals (FMOs) and their good electron transporting capabilities. Their n-type character should render fullerenes and their derivatives as the highly promising electron transporting and hole blocking layers (or cathode IFLs) due to their structural similarity to the fullerene derivative semiconductors in the active layer, which would bridge electron transport from fullerene acceptor to cathode. Wei and coworkers first reported the usage of fullerene derivative as cathode interfacial layer for PSCs, which was formed through a spontaneous phase segregation [82] . By adding a small amount of a novel fluorinated fullerene derivative F-PCBM (Figure 10 ) into the P3HT:PCBM solution, the following spin-coating leads to the F-PCBM rich self-organized cathode interfacial layer induced by tailored surface energy. The generation of F-PCBM buffer layer improved the photovoltaic cell performance (3.79% PCE vs. 3.09% PCE of control cell without F-PCBM), particularly Jsc and FF. The performance improvement was mainly attributed to better energy level matching between PCBM and Al cathode induced by the dipole moment of F-PCBM as well as its hole blocking property [82] . The new strategy to forming a surface-segregate IFL offers a facile and versatile approach for performance enhancement in PSCs [83] . Except for the self-organized fullerene-based IFL, a water soluble hydroxyl group containing fullerene derivative, fullerenol (Figure 10 ), was synthesized through a one-step procedure. The fullerenol shows excellent transparency and electron transporting capability. The incorporation of the fullerenol cathode IFL led to the P3HT:PC61BM solar cells with a PCE of 3.8%, which is greater than that (3.42%) of the solar cells using ZnO cathode IFL [84] . The result demonstrates that fullerene derivatives are promising cathode IFLs for high-performance PSCs.
High-performance PSCs were fabricated using a polar fullerene derivative having carboxyl functional groups, C60 pyrrolidine tris-acid (CPTA, Figure 10 ), as the cathode IFL layer [85] . The CPTA is soluble in methanol attributed to the polar carboxyl groups. When CPTA was incorporated into PSCs, the resulting solar cells with a structure of ITO/PEDOT:PSS/PTB7:PC71BM/CPTA/Al showed a PCE of 7.92% with a Jsc of 16.95 mA/cm 2 , a Voc of 0.74 V, and a FF of 63%, which outperformed the control cells using Ca/Al as the cathode. In comparison to the Ca/Al cells, the Jsc, Voc, and FF were increased simultaneously in the CPTA/Al cells. The CPTA LUMO is 3.94 eV, which lies between those of PC71BM and Al and hence builds perfect energy level cascade. Thus, CPTA benefits the electron transport from PCBM to Al with suppressed energy loss, which results in enhanced PCEs. An amine group functionalized fullerene (DMAPA-C60, Figure 10 ) was synthesized and explored as electron transporting layer in PSCs [86] . The materials is readily synthesized via a simple one pot N-H addition reaction with an average addition number of ~4, which can be directly used for the device fabrication without purification. The LUMO/HOMO derived from electrochemistry is −3.58/−5.52 eV, which should ensure good electron extraction and hole blockage. In comparison to commonly used PCBM, the LUMO of DMAPA-C60 is up-shifted, which is due to the addition of the electron rich amine group. Moreover, the terminal amino group could potentially afford a dipole moment. The buffer layer can be deposited by spin-coating its methanol solution, and it was found that the active layer can be completely covered as the DMAPA-C60 concentration is higher than 1 mg/mL. The incorporation of DMAPA-C60 IFL led to a PCE of 3.88% for the P3HT:PCBM cells, which is 2× higher than the PCE (1.89%) for the cells without cathode IFL. The interfacial layer is also compatible with high work function cathode, such as Au, Cu, and Ag, and the resulting cells demonstrate good device performance with PCEs over 3%. When using poly (4,8- Recently, Emrick and coworkers designed and synthesized two fullerene derivatives fulleropyrrolidines with tris(dimethylamino) (C60-N, Figure 10 ) or tris(sulfobetaine) (C60-SB, Figure 10 ) substituents as cathode IFLs for PSCs [87] . The functionalized fullerene derivatives can be readily deposited form trifluoroethanol solution and show excellent adhesion to the active layer. When incorporated into PSCs, PCEs of 9.35% ± 0.13% (maximum PCE = 9.78%) and 8.57% ± 0.15% (maximum PCE = 8.92%) were obtained for C60-N/Ag and C60-SB/Ag cells using PCE-10 as the donor polymer, respectively. The cells using standard Ca/Al cathode gave PCEs of 8.36% ± 0.21%. When using Al cathode, the C60-N/Al and C60-SB/Al cells show PCEs of 8.65% ± 0.11% and 8.29% ± 0.11%, respectively. When using high-work function metals as cathodes, the resulting C60-N/Cu and C60-N/Au cells also show highly efficient PCEs of 8.67% ± 0.17% and 8.56% ± 0.21%, respectively. The use of high work function metal led to improved device stability in air. Moreover, the cells using these interfacial layers afford efficient PCEs even when the film thickness is greater than 50 nm, which is significantly different from cells using conjugated polymer zwitterion IFLs, in which the interfacial layer thickness is typically less than 10 nm. The results demonstrate that the fulleropyrrolidines represent an excellent platform for electrode modification for high-performance PSCs.
Jen et al., reported thermally stable and solvent resistant cathode IFL with a stable conductive fullerene doped into a thermally crosslinakble fullerene matrix for high-performance inverted PSCs [88] . The styrene was functionalized onto 1,4-di(vinylbenzyl)fullerene for crosslinking (Full-s, Figure 11 ) in order to maintain compact packing for high electron mobility. The bis-FPI doped and thermally crosslinked Full-x ( Figure 11 ) film were fabricated by simple spin-coating a solution of bis-FPI and Full-S in chlorobenzene onto the ITO substrate and then subjected to thermal treatment at 210 °C, which led to a Full-x film with good solvent resistance. The in situ doping and crosslinking has improved both the conductivity and the solvent resistance of the resulting IFL, which leads to greatly enhanced PCE from 2.43% to 5.26% for the cells with the structure of ITO/ETL/poly(indacenodithiophene-co-phenanthro[9,10-b]quinoxaline) (PIDT-PhanQ):PC71BM/MoO3/Ag having the optimal bis-FPI loading of 25% in the crosslinked film. For the interfacial layer with less loadings of bis-FPI, the corresponding cells show decreased Jscs, FFs, and Vocs (from 0.83 to 0.53 V), which is attributed to the increased interfacial resistance and the concurrently increased interfacial recombination at the cathode interfacial layer. The same group reported a new conductive fulleropyrrolidinium iodide (Bis-OMeFPI, Figure 10 ), which has compact ammonium and methoxybenene groups embedded on the fullerene core [89] . The fullerene derivative can be used to dope PCBM for improving the electrical contact between active layer and ITO in inverted solar cells. When blended with a small amount of ethoxylated polyethylenemine PEIE, the conductivity of Bis-OMeFPI can be further improved with tunable work function. The derivative can be processed using orthogonal solvents for multilayer film fabrication, and its incorporation into PSCs as cathode IFL results in a very high PCE of 9.6% with a Jsc of 16.15 mA/cm 
Graphene Oxide and Its Derivatives
Many exciting carbon-based materials have recently been investigated and incorporated into PSCs for performance enhancement and stability improvement. Among them, graphene oxide (GO) has shown great potential due to its excellent solution processability, unique two-dimensional structure, work function tunability, and good charge transporting capability. GO is graphene sheet functionalized with oxygen-containing groups in the form of epoxy and hydroxyl groups on the basal plan and various other groups, such as carboxylic acids, at the edges. The incorporation of GO IFLs has resulted in PSCs with excellent performance and good device stability [90] .
Chen and coworkers firstly demonstrated the utilization of chemically derived GO thin films as hole transporting and electron blocking layer for PSCs [91] . The GO film was deposited from its neutral aqueous suspension and the deposition of GO layers serves to planarize anode surface. The work function of GO thin film was found to be 4.9 eV, and the resulting solar cells containing 2 nm thick GO showed a PCE of 3.5% ± 0.3%, which was comparable to the cells containing the conventional PEDOT:PSS anode IFL. As the GO thickness increases, the cells show degraded PCEs, which is attributed to the increased serial resistance. The device performance in combination with the simple solution-processability indicates that the GO is a highly promising hole transport and electron blocking layer in PSCs [91] .
Hersam and coworkers reported a single layer of electronically tuned GO as effective replacement for PEDOT:PSS as anode IFL [92] . The GO film was deposited with a controlled density via Langmuir-Blodgett assemble, followed by low-level ozone exposure. The GO films, composed of overlapped monolayer, can be chemically tuned to achieve oxidation levels for efficient hole extraction. The GO deposition led to smooth IFL surface with an overall root-mean-square roughness of 0.7 nm. Furthermore, the GO can concurrently template a performance-optimal polymer orientation with a pi-stacked face-om microstructure ( Figure 12 ). The resulting solar cells based on the GO anode IFL using PTB7:PC71BM as the active layer showed a PCE up to 7.39%, which was comparable to the PCE (7.46%) of cells using PEDOT:PSS cathode IFL. Moreover, the GO-base cells afforded a 5× enhancement in thermal aging lifetime and a 20× enhancement in ambient lifetime versus analogues cells using PEDOT:PSS anode IFL. Smith and coworkers recently report large area PSCs using GO anode IFL and containing PCDTBT:PC71BM active layer [93] . A 2-3 nm thick GO film was deposited onto ITO substrate via spin-coating, which led to a complete coverage of GO flakes on ITO as revealed by AFM (Atomic force microscope) and SEM (Scanning electron microscope) measurement. The cells with the structure of ITO/GO/PCDTBT:P70BM/BCP(or TiOx)/Al afforded a PCE of 5%, which was comparable the performance of PSCs using PEDOT:PSS IFL. Please note that the PCEs of ~5% for the GO based devices are the highest reported for this size (0.64 cm 2 ). Kymakis and coworkers reported a facile, fast, non-destructive, and roll-to-roll compatible photochemical method for simultaneous reduction and doping of GO film using ultraviolet irradiation in the presence of a Cl2 precursor gas (GO-Cl, Figure 13 ) [94] . It was found that the laser induced chloride atoms substitute the GO defects into both the GO edges and in the GO lattice plane. The doping and reduction level of GO-Cl can be controlled by tuning the exposure time, therefore its work function can be tailored from 4.9 to 5.23 eV, which led to a good match with HOMOs of most donors in PSCs. The PCDTBT:PC71BM PSCs with GO-Cl IFL showed a PCE of 6.56%, which was 17.35% and 19.48% higher than that of the cells using pristine GO or PEDOT:PSS anode IFLs, respectively. The performance enhancement can be attributed to more efficient hole collection due to the good energy match between GO-Cl and polymer donor PCDTBT. The GO-Cl based PSCs also showed substantially higher device stability versus the PEDOT:PSS based cells when exposed to continuous illumination under ambient conditions. Zhang and coworkers demonstrated similar performance enhancement for the PBDTTT-C:PC71BM PSCs using chlorinated graphene oxide (Cl-GO) as anode IFL [95] . The single-layer Cl-GO sheet showed similar morphology and thickness to those of the single-layer GO sheet, and the work function of GO can be tuned by photochemical chlorination. The resulting Cl-GO showed a work function of 5.21 eV, which was aligned closely to the HOMO of polymer donor PBDTTT-C and hence led to excellent hole-extraction abilities. The PCE of PBDTTT-C:PCBM cell using chlorinated GO IFL was increased to 7.6%, which is the highest for the PBDTTT-C based cells. While, the cells using PEDOT:PSS anode IFL only showed a PCE of 6.53%. The improved device performance is attributed to the higher photocurrent due to the maximum photo flux enabled by the high transparency of Cl-GO as well as improved hole extraction from the active layer [95] . The Cl-GO IFL also led to improved PCEs for solar cells using other active layers. The results demonstrate that the chlorinated graphene oxides should be a new class of anode IFLs for high-performance PSCs.
Other halogen-functionalized GOs were also developed for PSCs, and Na and coworkers demonstrated that fluorine-functionalized graphene oxide (FrGO) can be used as a hole transporting layer for PSCs [96] . The reduction and functionalization of GO was easily completed in one step using a novel phenylhydrazine-based reductant containing fluorine atoms, 4(trifluoromethyl)phenylhydrazine. The introduction of fluorine led to p-type doping of GO due to its high electronegativity. The PTB7:PC71BM PSCs using this novel fluorinated GO IFL showed promising performance with a PCS of 6.71% with a Jsc of 14.84 cm 2 /Vs, a Voc of 0.71 V, and a FF of 63.76%. The PCE was comparable to those from the cells using PEDOT:PSS IFL, but the FrGO-based solar cells showed greatly improved device stability. When using P3HT:ICBA as the active layer, the FrGO-based PSCs also exhibited similar performance enhancement versus PEDOT:PSS-based PSCs.
Dai and coworkers rationally designed and developed sulfated graphene oxide (GO-OSO3H, Figure 14 ) with -OSO3H groups attached on the carbon basal plane of reduced GO surrounded with edge-functionalized -COOH group [97] . The work function of sulfated GO is slightly increased from 4.7 eV of GO to 4.8 eV. The resulting GO-OSO3H shows good work function for ohmic contact formation with the donor polymer, improved conductivity due to the reduced basal plane, and enhanced solubility attributed to the -OSO3H/-COOH groups. The P3HT:PC61BM PSCs containing GO-OSO3H anode IFL show a greatly improved PCE of 4.37% versus that (3.34%) of cells using GO IFL. The performance enhancement is mainly attributed to the significantly improved FF (0.71 vs. 0.58), which can be attributed to the much increased conductivity of GO-SO3H (1.3 S/m vs. 0.004 S/m). Moreover, the PSC performance is almost independent of the GO-OSO3H layer thickness, which is different from the cells using insulating GO anode IFL. The result indicates that judiciously functionalized GO materials should be excellent anode IFLs in PSCs to achieve excellent device performance. In addition to functioning as a hole transporting layer, GO derivatives can also be used as electron transporting layer. Lithium-neutralized graphene oxide (GO-Li; Figure 15 ) was used as an additional layer between active layer and metal oxide cathode electron-transporting layer for PSCs. Kymakis and coworkers reported the introduction of Li to GO, and the resulting lithium-neutralized graphene oxide (Go-Li) layer can be deposited via spin-coating [98] . The replacement of H in the carboxyl group of GO with Li atoms can effectively reduce the GO WF form −4.95 to −4.27 eV (Figure 15) , which led to a perfect match with the LUMO of fullerene derivatives. By incorporating the GO-Li IFL, the resulting PSCs with a device structure of ITO/PEDOT:PSS/PCDTBT:PC71BM/GO-Li:TiOx/Al showed a PCE of 6.29% with a Jsc of 12.51 mA/cm 2 , a Voc of 0.89 mV, and a FF of 56.5%. The PCE was increased by 14.2% in comparison to that of device without the additional graphene-based IFL. Furthermore, the GO-Li containing cells exhibited enhanced stability versus the cells without the interlayer, which was attributed to the shielding effects of GO-Li against humidity. Silva and coworkers reported solution processed reduced GO and metal oxide (ZnO and TiO2) hybrid as cathode IFL for high-performance PSCs [99] . The device performance of the PSCs incorporating the nanohybrid IFL was comparable to that of cells using thermal evaporated bathocuproine (BCP) cathode IFL. The optimal PCE of 7.5% was obtained for the PTB7:PC70BM cells using the nanohybrid-based IFLs, which was superior to the PCE (7.2%) of the inverted cells using only metal oxide IFLs. The reduced GO provided effective charge transfer pathways between metal oxide particles, which in combination with balanced electron and hole mobilities led to more efficient charge extraction and resulted in improved Jsc (14.8-15 .0 mA/cm 2 ) and FF (~65% to ~68%) [23, 100] . Heeger et al., reported the synthesis of graphene having a work function of −4.6 eV by chemical vapor deposition (CVD) on copper foil. The copper foil is readily removed by etchant, and the transfer graphene thin film is prepared, which is subjected to reaction with HNO3 to synthesize graphene oxide [101] . The resulting GO film can be directly used as electron transporting layer through stamping process (Figure 16 ), which leads to good contact between the GO IFL and the BHJ film. The GO cathode IFL improved the Jsc and PCE in PSCs, which can be attributed to the efficient charge transport and extraction from BHJ film to Al electrode. Moreover, the PCDTBT:PC71BM PSCs with a cathode IFL of GO (1 nm 
Metal Oxide
Metal oxides have shown great success in improving the device performance and durability of PSCs. Among them, TiOx and ZnO are the two most widely studied cathode IFLs, and their incorporations have greatly improved the PCEs of PSCs. In the meantime, they can act as diffusion barriers against oxygen and water attributed to their scavenging effects originating from photocatalysis and oxygen defects. Processing or fabricating TiOx IFL at low temperature is a highly favorable method for practical applications, but the resulting film typically shows low electron mobility, which limits the charge transport and collection, hence leading to low PCEs. Thermal annealing at temperatures above 400 °C can convert the amorphous film to crystalline film, and hence greatly improve its charge transport properties. Due to the significant effect of film microstructure and crystallinity on charge transport properties, a great deal of research efforts has been devoted to development of effective film deposition methods to control these properties.
As n-type semiconductor, TiO2 was a promising candidate as an electron acceptor and transport materials for hybrid polymer/TiO2 solar cells [102, 103] . Song et al. [104] used TiO2 as n-type semiconductor in hybrid solar cells [105] with a device structure of ITO/TiO2/MEHPPV/PEDOT/Au. The TiO2 functions not only as electron acceptor layer but also as hole blocking IFL, however the resulting PSCs show a limited PCE of 0.51% [104] . Kim and coworkers introduced a thin layer TiOx as optical spacer for re-distributing the light intensity inside the solar cell (Figure 17) , which leads to highly efficient PCEs in PSCs [106] . The pioneering work of Kim greatly promotes the usage of TiOx as IFL in PSCs. A solution based sol-gel process was employed to fabricate TiOx layer on the top of the polymer:PCBM active layer. The TiOx film was deposited using a TiOx precursor solution, which was followed by hydrolysis in air at room temperature (Figure 17b) . The film was then reacted at 150 °C for 10 min inside a glovebox. Film characterization indicates that the resulting film is amorphous and has an oxygen deficiency at the surface. Using the TiOx as the cathode IFL, the P3HT:PCBM cells showed substantial enhancement of ~40% in the incident photon-to-current collection efficiency (IPCE) over entire excitation spectral range versus the cells without using TiOx layer. The enhanced absorption was attributed to the result of the TiOx optical spacer effect (Figure 17a) , which led to a greatly improved PCE of 5.0% versus the PCE of 2.3% from the cells without TiOx IFL. The effect of TiOx on increasing the PSC performance has also been demonstrated by the same group using other active layers, and the PCDTBT:PC70BM solar cells showed an internal quantum efficiency (IQE) approaching 100% round 500 nm with a certified PCE of 5.96% under AM 1.5 irradiation [38] . The ~100% IQE implies that almost absorbed photon leads to a separated pair of charge carriers, which is collected at the electrode. The results demonstrate that TiOx is an excellent cathode IFL and provides optical space for high-performance PSCs. Later, Yang and coworkers developed a novel approach for fabricating high-performance PSCs by introducing dopants into metals oxide IFLs [107] . The Cs doped TiO2 is prepared via adding Cs2CO3 solution to the nanocrystalline TiO2 solution. In addition to the stable nanostructure morphology of TiO2:Cs IFL, The TiO2 doped with Cs leads to more favored work function for charge collection, and the conventional P3HT:PC71BM solar cells using the Cs doped TiO2 cathode IFL show an excellent PCE up to 4.2% versus the PCE of 2.4% from the cells using TiO2 IFL. The performance enhancement for the TiO2:Cs cells is attributed to the more efficient electron extraction and hole blocking property of the TiO2 interfacial layer. Choy and coworkers reported enhanced electron extraction by incorporating metal nanoparticle into the TiO2 cathode IFL [40] . The Au and Ag nanoparticles are embedded in titanium oxide (TiO2) layer, and the resulting PSCs show a PCE reaching 8.2% with a Jsc of 16.21 mA/cm 2 , a Voc of 0.787 V, and a FF of 64.3%. The performance enhancement is mainly attributed to reduced charge transport resistance and, hence, excellent charge extraction and collection at the electrode.
ZnO is another excellent solution-processable cathode IFL for PSCs. In addition to the good transparency and the effective hole blocking effect, the film of ZnO nanoparticle has a high electron mobility of ~0.1 cm 2 /Vs, which is greatly larger than that of TiOx film [108] . The application of ZnO as cathode IFL was pioneered by Shirakawa in 2004 [109] . The incorporation of the sputter-deposited ZnO IFL affords a PCE of 1.0% for the bilayer cell having a structure of ITO/ZnO/C60/P3HT/Au under illumination of 100 mW/cm 2 . Later, White et al., demonstrated non-vacuum, solution processed ZnO IFL for efficient PSCS. The ZnO buffer layer was fabricated from a zinc acetate solution in 96% 2-methoxyethanol and 4% ethanolamine after thermal annealing at 300 °C in air. The ITO/ZnO/P3HT: PCBM/Ag inverted BHJ solar cells show a promising PCE of 2.97% [110] . Since then, various methods have been developed to deposit ZnO thin film. Among them, sol-gel approach has been extensively used as the solution-based thin film deposition technique, which is highly suitable for the fabrication of inverted solar cells. However, a high thermal annealing temperature is typically needed in the sol-gel method to promote film crystallinity and to remove the residual organic compounds, which should not be compatible for the fabrication of flexible solar cells. Solution-processed ZnO nanoparticle via spin-coating has also been developed for film deposition. Using the spin-coated ZnO cathode IFL annealed at 200 °C in air, So and coworkers reported inverted PDTG-TPD:PC71BM solar cells with a promising average PCE of 7.3% [111] . The results demonstrate the promising potentials of ZnO as cathode IFL.
It is known that up to ~30% of the atomic bonds in ZnO nanoparticles are dangling bonds, which can lead to high degree of charge recombination and result in low PCEs for the corresponding PSCs. It was found that further treatment of ZnO nanoparticle IFL with UV-ozone (UVO) can passivate the defect states. Oxygen vacancy concentration was reduced by oxygen penetration in the nanoparticle films; therefore, defects in ZnO nanoparticles were passivated by UVO treatment, which led to longer charge carrier lifetime and reduced interface recombination versus the cells treated with only light soaking [112] . The ZnO nanoparticle films were exposed to UV light at 254 nm after thermal annealing at 80 °C, and the resulting poly(thieno [3,4-c] pyrrole-4,6-dione-co-dithienosilole) (PDTS-TPD) and poly(thieno [3,4-c] pyrrole-4,6-dione-co-dithienogermole) (PDTG-TPD) cells having the structure ITO/ZnO nanoparticles/polymer:PC71BM/MoO3/Ag show a further improved average PCEs of 7.8% and 8.1%, respectively [112] .
Heeger and coworkers developed a low temperature (≤200 °C) annealed sol-gel derived ZnO film as the cathode IFL for PSCs [113] . A zinc acetate in 2-methoxyethanol was used as the precursor solution, which was spin-coated onto ITO substrate and subsequently subjected to thermal treatment at different temperatures (130, 150, and 200 °C) for 1 h. The precursor was converted to dense ZnO film by hydrolysis. The ultraviolet photoelectron spectroscopy (UPS)-derived conduction band minimum was found to be 4.33 ± 0.07 eV, which should lead to a good match with the LUMO (3.6 eV) of PC70BM. The PCDTBT:PC70BM solar cells using the sol-gel derived ZnO cathode IFL after annealing at 200 °C showed a PCE of 6.33% with a Jsc of 10.41 mA/cm 2 , a Voc of 0.88 V, and a FF of 68.8%. A comparable PCE of 6.03% was obtained for the cells using the ZnO IFL annealed at 150 °C, however, the cells with ZnO annealed at 130 °C showed a reduced PCE of 5.36% with a lower Jsc, a smaller Voc, and a higher series resistance (Rs). In comparison to the high annealing temperature required in the previous methods [114] , the temperature used for the thermal treatment in the Heeger's approach is relatively low, which should be compatible with flexible substrates. Moreover, the incorporation of ZnO IFL leads to the resulting PSCs with good device stability, and the PCE remains above 70% of its original value after storage at ambient conditions for 30 days. The low annealing temperature (≤200 °C) used to grow the ZnO IFL affords a promising pathway to fabricate PSCs with high-performance and long-term stability [45] .
Using sol-gel derived ZnO cathode IFL and employing inverted structure, Marks and coworkers reported PSCs with unprecedented FFs approaching 80% using highly ordered polymer donor semiconductors. Film morphology characterization (Figure 18 ) revealed that the polymer:PCBM active layer has achieved vertical phase degradation with PCBM enrichment on the ZnO surface and polymer enrichment on the active layer/air interface. Such morphology arises from the surface energy difference between the polymer and PC71BM, and their interaction with ZnO IFL [23] . Moreover, the ZnO interface can template close π-stacking with a face-on orientation, which facilitates charge extraction and suppresses charge recombination, which in combination with the high mobility of the polymer leads to exceptionally high FFs. Therefore, the interfacial layer not only selectively collects charge carriers, but also greatly affects the morphologies of the active layer deposited onto it.
In addition to ZnO IFL, ZnO-based hybrid IFL was also developed as cathode IFL for high-performance PSCs. So and coworker reported the incorporation of surface-modified ZnO-poly(vinyl pyrrolidone) (PVP) nanocomposite as electron-transporting IFL [100] . In comparison to traditional sol-gel ZnO IFL, the ZnO-PVP nanocomposite could have more uniformly distributed ZnO nanocluster in the polymer matrix by suppressing ZnO nanocluster aggregation. The nanocomposite IFL was prepared from Zinc acetate and PVP solution in ethanol, which is stabilized by ethanolamine. UV-ozone treatment of the nanocomposite resulted in enhanced Jscs and FFs for poly(thieno [3,4-c] pyrrole-4,6-dione-co-dithienogermole) (PDTG-TPD):PC71BM inverted cells compared to those from the cells using as-prepared IFL films. Optimal cells were obtained after 10 min UV-ozone treatment to remove PVP polymer at the ZnO-PVP nanocomposite surface and showed a remarkable PCE of 8. In addition to functioning as cathode IFL, metal oxide can also be used as anode IFL for PSCs. NiO was known to be a p-type semiconductor. The p-type conductivity originates from two positively charged holes which accompany each Ni 2+ vacancy in the lattice for charge neutrality [115] . The large work function of NiO allows a good match between its valence band and the HOMO of the most of polymer donors. Marks and coworkers reported the incorporation of a thin layer (5-10 nm) of NiO between the P3HT:PCBM active layer and ITO anode in PSCs [116] . The NiO film was deposited by pulsed laser deposition (PLD). The resulting cells with a structure of ITO/NiO/P3HT:PCBM/LiF/Al afford a dramatically enhanced PCE of 5.2% with a high FF of 69% and a substantial Voc of 0.64 V versus the PEDOT:PSS control cells. The performance enhancement of NiO-based cells is attributed to the favorable energy band alignment, interface passivation, crystallinity, smooth surface, and optical transparency of NiO IFL [117] . The results indicate that NiO is an excellent p-type semiconductor as anode IFL for high-performance PSCs [118] .
In addition to pulsed laser deposition, NiOx is also compatible with solution-based processing techniques, and Olso et al., reported an easily implemented solution-processed NiOx anode IFL for high-performance PSCs. The NiOx IFL was deposited by spin-coating Ni precursor ink followed by thermal annealing at 300 °C for 1 h. The work function of ITO modified with a solution-processed NiOx matches well with the ionization potential of the donor semiconductor PCDTBT in the BHJ film. Oxygen plasma treatment of NiOx anode IFL is shown to provide superior contact with the donor semiconductors having high ionization potentials by increasing the ITO/NiOx work function by 0.500 eV as revealed by photoemission spectroscopy measurements. The conduction band of NiOx is 2.1 eV, which allows NiOx to serve as an effective electron blocking layer to suppress charge recombination at electrodes. The incorporation of NiOx IFL leads to the resulting PSCs with an improved diode ideal factor n and a 10 3 reduction of Jsat. The cells having a structure of ITO/NiOx/PCDTBT:PC71BM/Ca/Al show a PCE of 6.7%, which is increased by 17.3% versus the PCE (5.7%) of the cells using PEDOT:PSS IFL [119] . So and coworkers reported a similar device performance enhancement employing solution processable NiO IFL [120] . The nickel acetate tetrahydrate and monoethanolamine in an ethanolic solution was chosen as the precursor solution, which can be thermally converted to form non-stoichiometric p-type NiO. The PDTG-TPD:PC71BM cells using this NiO IFL with 5 nm thickness show an average PCE of 7.8% with a Jsc of 13.9 mA/cm 2 , a Voc of 0.82 V, and a FF of 68.4%, which outperform the cells by 15% using PEDOT:PSS IFL. The performance enhancement was attributed to the optical resonance and more homogeneous donor/acceptor active layer morphology induced by hydrophobic NiO. Moreover, the devices incorporating the NiO anode IFL show better device stability in air versus the cells using PEDOT:PSS IFL.
Other Interfacial Layer Materials
In addition to aforementioned IFL materials types, some other classes of materials have also been developed and incorporated into PSCs, mainly including self-assembly monolayers (SAMs) [121] [122] [123] [124] , crosslinked semiconducting blends [125, 126] , multifunctional quantum-dot monolayers [127] , and inorganic salts [128] . As emerging IFLs for polymer solar cells, these materials have shown some promising characteristics for performance enhancement and stability improvement. However, the optimal performance of the PSCs incorporating these novel IFLs is still lower than those of the cells incorporating well-studied IFLs discussed above. However, as emerging IFL materials they offer great opportunities for organic solar cells, further understanding fundamental IFL operation mechanisms, and material development and optimization will deliver more promising device performance in the near future.
Conclusions
In summary, we have reviewed five types of interfacial layer materials for applications in high-performance polymer solar cells, and the device performance of resulting cells has been discussed with respect to the function and operation mechanisms of these interfacial layers. The interfacial layer engineering has shown significant impacts on achieving high power conversion efficiency cells with robust device operation stability in the last decade. By incorporating novel interfacial layers with fine-tuned optical and electrical properties, the resulting solar cells have recently shown power conversion efficiencies greater than 10%. Appropriate interfacial layers can maximize the open-circuit voltages of the resulting solar cells by promoting ohmic contact formation and the interfacial layer can also significantly increase short-circuit voltages and fill factors by optimizing solar absorption and suppressing charge carrier recombination. Other important beneficial effects have also been observed; the interfacial layers can alter the active layer film morphology. Active layers with vertical phase separation have been achieved through surface energy engineering. Interfacial layer engineering enables us to adopt electrodes with high work function, which in combination with the kinetic barrier against water and oxygen penetration, can lead to increased device air stability. Although interfacial layers have made a significant contribution to the device performance improvement in polymer solar cells in the last decade, there is great room for performance enhancement. By designing interfacial layer materials with fine-tuned electronic, electrical, optical and chemical properties to minimize the performance loss, more promising polymer solar cells with robust device stability should be developed in the near future.
